Ligand-dependent oligomerization of receptor tyrosine kinases (RTKs) results in their activation through highly specific conformational changes in the extracellular and intracellular receptor domains. These conformational changes are unique for each RTK subfamily, limiting cross-activation between unrelated RTKs. The proto-oncogene MET receptor tyrosine kinase overcomes these structural constraints and phosphorylates unrelated RTKs in numerous cancer cell lines. The molecular basis for these interactions is unknown. We investigated the mechanism by which MET phosphorylates the human epidermal growth factor receptor-3 (HER3 or ERBB3), a catalytically impaired RTK whose phosphorylation by MET has been described as an essential component of drug resistance to inhibitors targeting EGFR and HER2. We find that in untransformed cells, HER3 is not phosphorylated by MET in response to ligand stimulation, but rather to increasing levels of MET expression, which results in ligand-independent MET activation. Phosphorylation of HER3 by its canonical coreceptors, EGFR and HER2, is achieved by engaging an allosteric site on the HER3 kinase domain, but this site is not required when HER3 is phosphorylated by MET. We also observe that HER3 preferentially interacts with MET during its maturation along the secretory pathway, before MET is post translationally processed by cleavage within its extracellular domain. This results in accumulation of phosphorylated HER3 in the Golgi apparatus. We further show that in addition to HER3, MET phosphorylates other RTKs in the Golgi, suggesting that this mechanism is not limited to HER3 phosphorylation. These data demonstrate a link between MET overexpression and its aberrant activation in the Golgi endomembranes and suggest that non-canonical interactions between MET and other RTKs occur during maturation of receptors. Our study highlights a novel aspect of MET signaling in cancer that would not be accessible to inhibition by therapeutic antibodies.
Introduction
Under homeostatic conditions the hepatocyte growth factor (HGF) receptor (HGFR/MET) becomes activated by binding to an extracellular ligand, HGF, which induces receptor dimerization, activation of the intracellular tyrosine kinase domains and subsequent receptor phosphorylation [1] [2] [3] [4] [5] . The phosphorylated receptor sites then recruit downstream signaling adapters to activate signaling cascades that modulate epithelial cell motility and invasion, formation of branched tubules, and cell growth and survival [6] [7] [8] [9] . In cancer, aberrant signaling by the MET receptor is primarily achieved by overexpression or amplification of genes encoding MET or its ligand, and is associated with tumorigenesis, metastasis, and poor prognosis [10] [11] [12] [13] [14] [15] [16] [17] . Hyperactivated MET phosphorylates other RTKs, particularly the EGFR/HER family, often as a mechanism of resistance to targeted therapies.
Phosphorylation of the catalytically impaired HER3 pseudokinase has been described as an important mechanism of drug resistance [18] [19] [20] [21] . Under normal conditions, HER3 is phosphorylated by EGFR or HER2, and potently stimulates cell survival through the Akt signaling pathway by direct recruitment of PI3K [22, 23] . In lung cancer cells with an activating EGFR mutation and acquired resistance to EGFR inhibitors, MET amplification can restore HER3 phosphorylation and downstream signaling through the PI3K/Akt pathway [18] . In numerous other cancer cell lines in which MET is overexpressed, HER3 becomes phosphorylated in a MET-dependent manner [19, [24] [25] [26] [27] and was shown to interact with MET by coimmunoprecipitation [24, 25, 28] . Thus, the ability of MET to phosphorylate HER3 under conditions of overexpression is a well-established phenomenon, however the molecular basis for this non-canonical cross-phosphorylation between RTKs is not understood.
While the mechanisms for activation and phosphorylation remain poorly defined for many RTKs, structural studies on receptors such as EGFR [29] [30] [31] [32] [33] and the insulin receptor (IR) family [34] [35] [36] [37] have revealed unique proteinprotein interactions that are required for kinase activation. These interactions, promoted by binding of extracellular ligands, are unique for each subfamily of RTKs, but in cancers in which MET efficiently phosphorylates other RTKs, these specific mechanisms no longer seem to apply. At present, it is unknown whether the promiscuity with which MET phosphorylates other RTKs reflects its inherent ability to interact directly with these receptors, or if it is a consequence of MET overexpression. It is also unclear whether these non-canonical kinase-substrate relationships are mediated by tractable protein-protein interactions that could be explored therapeutically in cancer.
We set out to understand the mechanism of how overexpression of MET leads to phosphorylation of new substrate RTKs by focusing on MET-dependent phosphorylation of HER3. We show that HER3 is a substrate for MET only under conditions of MET overexpression, and that under these circumstances MET phosphorylates HER3 in a ligand-independent manner. HER3 phosphorylation by MET is also independent from its allosteric activator interface which is crucial for HER3 phosphorylation by other HER receptors. Surprisingly, we found that HER3 almost exclusively interacts with and is phosphorylated by MET in endomembranes, primarily the Golgi apparatus, where overexpressed MET accumulates during biosynthesis. Based on these findings, we propose that in MET-amplified cells overcrowding of MET molecules in the secretory pathway facilitates its unspecific interactions with other RTKs, resulting in their premature phosphorylation.
Results

Overexpression of MET drives HER3 phosphorylation independently of EGFR and HER2
To investigate the mechanism by which MET phosphorylates HER3, we used COS7 cells, which do not express detectable levels of endogenous HER3. When HER3 was transfected with its co-receptor HER2 in COS7 cells, HER3 and HER2 phosphorylation could be detected only in the presence of the HER3 ligand neuregulin (NRG) (Fig. 1a) . In contrast, when HER3 was co-expressed with MET, it was phosphorylated independently of NRG stimulation (Fig.  1a ). Under these conditions, MET was also phosphorylated in COS7 cells in a ligand-independent manner (Fig. 1a ). To confirm that HER3 phosphorylation is dependent on MET activity, we treated COS7 cells expressing MET and HER3 with a panel of MET inhibitors and found that they consistently blocked phosphorylation of both HER3 and MET ( Fig. 1b) .
To test if overexpression of MET is necessary for mediating HER3 phosphorylation, we assessed levels of phosphorylated HER3 in COS7 cells as a function of activation of the endogenous MET by HGF. HER3 phosphorylation was not significantly induced by HGF stimulation over the basal level, despite robust activation of endogenous MET (Fig. 1c ). We further observed that the extent of HER3 phosphorylation increased linearly with the levels of overexpressed, hyperactivated MET ( Fig. 1d ). These data suggest that HGF-dependent activation of MET is insufficient to stimulate HER3 phosphorylation, and that METdependent HER3 phosphorylation only occurs under conditions of MET overexpression.
Since MET has been reported to interact with other members of the EGFR/HER family [24] [25] [26] 38] we looked at whether MET-dependent HER3 phosphorylation is a result of cross-activation of EGFR and/or HER2 by MET. We used lapatinib to selectively block EGFR and HER2. Lapatinib treatment eliminated HER2-dependent HER3 phosphorylation induced by NRG stimulation, but had no effect on HER3 phosphorylation that results from MET overexpression ( Fig. 1e ). We also examined phosphorylation of the HER3 variant with a mutation in the allosteric site within the kinase domain (V926R). This mutation prevents formation of functional dimers with other HER receptors and abolishes NRG-dependent HER3 phosphorylation ( Fig. 1f ) [39] . Using this mutant, we can test not only whether MET-dependent phosphorylation of HER3 depends on formation of active complexes between HER3 and EGFR or HER2, but also whether HER3 forms structurally similar complexes with MET. As shown in Fig. 1f , the HER3 V926R mutant is no longer phosphorylated by HER2 in a NRG-dependent manner, but is phosphorylated by MET to the same extent as wild-type HER3. Together these results demonstrate that MET overexpression induces HER3 phosphorylation independently from activation of other catalytically active HER receptors and does not engage the allosteric site of HER3. Fig. 1 Overexpression of MET drives HER3 phosphorylation independently of EGFR and HER2. a COS7 cells expressing either MET or HER2 with HER3 were stimulated −/+NRG (50 ng/mL) and assayed for HER3 phosphorylation by western blot. b COS7 cells expressing MET and HER3 were treated with DMSO, or MET inhibitor (1 μM crizotinib, 100 nM capmatinib, 100 nM cabozantinib, or 1 μM merestinib) for 6 h and assayed for MET and HER3 phosphorylation by western blot. c COS7 cells transfected only with HER3 were stimulated with either NRG (50 ng/mL), HGF (50 ng/mL), or both, and assayed for HER3 phosphorylation and endogenous levels of MET and HER2 by western blot. d COS7 cells were transiently transfected with HER3 and increasing amounts of MET and assayed for HER3 phosphorylation and MET expression by western blot. e COS7 cells expressing either HER2 or MET with HER3 were treated −/+ NRG (50 ng/mL) and −/+ 3 µM lapatinib and assayed for HER3 phosphorylation by western blot. f COS7 cells expressing either wildtype (WT) or V926R mutant (VR) HER3 together with HER2 or MET were stimulated −/+ NRG (50 ng/mL) and assayed for HER3 phosphorylation HER3 interacts specifically with an intracellular pool of MET To investigate if MET and HER3 interact under conditions of MET-dependent phosphorylation of HER3 in COS7 cells, we immunoprecipitated FLAG-tagged constructs of MET or HER3 transiently co-expressed in COS7 cells with untagged versions of HER3 or MET, respectively. As shown in Fig. 2a , b, FLAG-tagged MET coimmunoprecipitated with untagged HER3. Likewise, FLAG-tagged HER3 co-immunoprecipitated with untagged MET. These results are consistent with previous observations that MET and HER3 interact in lung cancer cells in which MET is amplified [18, 38] . This interaction was not significantly affected by capmatinib treatment, despite full inhibition of MET and HER3 phosphorylation (Supplementary Fig. 1 ).
The MET receptor is typically resolved as a double band on SDS/PAGE due to a posttranslational modification that involves cleavage within the extracellular domain of MET [2] . This results in an α chain (50 kDa) and β chain (145 kDa) which remain bound together by disulfide linkages [40, 41] . When these bonds are broken under reducing SDS/ PAGE conditions, MET is typically detected as a doublet composed of the immature uncleaved form (170 kDa) and the β chain (145 kDa) ( Fig. 2c ).
Our analysis of the co-immunoprecipitates between MET and HER3 led to a consistent observation that HER3 almost exclusively pulls down the upper band of the MET doublet, corresponding to the uncleaved form of MET ( Fig. 2c ). MET is cleaved by furin or a furin-like protease in the trans-Golgi network during receptor anterograde trafficking to the plasma membrane [42] . Uncleaved MET is therefore expected to be located primarily in the endomembranes. We separated the plasma membrane and intracellular pools of MET receptor by biotin-labeling surface proteins in COS7 cells expressing MET, and isolating them from intracellular proteins by affinity purification with Neutravidin-agarose beads. As expected, only mature MET (detected as 145 kDa β chain) is labeled with biotin, whereas the uncleaved form of MET, which we find to interact with HER3, is predominantly protected from labeling ( Fig. 2d ). This analysis indicates that under conditions of MET overexpression, the interaction between MET and HER3 occurs primarily in the intracellular membranes.
HER3 and MET co-localize in the Golgi under conditions of MET overexpression
To better understand the spatial determinants of the HER3/ MET interaction and resulting HER3 phosphorylation, we used immunofluorescence to determine the localization of phosphorylated HER3 in COS7 cells under conditions of MET overexpression. In a control experiment, we examined the localization of phosphorylated HER3 in cells that were co-transfected with HER2, serum starved, and stimulated with NRG. Under these conditions, in more than 80% of cells HER3 phosphorylation could be detected exclusively . This redistribution of phosphorylated HER3 did not reflect changes in localization of the total HER3 receptor, which was localized both at the cell periphery as well as in the perinuclear compartment under all conditions ( Fig. 3a) .
Notably, in contrast to HER3 and HER2, the overexpressed MET receptor was predominantly detected in the perinuclear compartment (Fig. 3a) .
To characterize the perinuclear compartment where MET and phosphorylated HER3 are localized, we co-stained COS7 cells expressing MET and HER3 with a set of endomembrane compartment markers, Golgin-97 (Golgi), PDI (endoplasmic reticulum), and EEA1 (early endosomes). The MET and phospho-HER3 signals overlaid most extensively with Golgin-97, with detectable but much less pronounced overlay with PDI and EEA1 (Fig. 3b ). These data are consistent with the results of the coimmunoprecipitation and surface biotinylation/fractionation analyses and further show that under conditions of MET overexpression, HER3 predominantly co-localizes with MET in Golgi endomembranes.
HER3 phosphorylation in cancer cells with MET amplification is ligand-independent
To relate our analysis of HER3/MET interactions in the COS7 cell model system of MET overexpression to a physiological scenario of MET amplification, we used a hepatocellular carcinoma cell line, MHCC97-H, in which genomic MET is amplified ∼15-fold [43, 44] . MET protein levels in these cells are~2-fold higher than overexpression of MET that is achieved by transient transfection of MET in our COS7 cell model system ( Fig. 1e and Supplementary  Fig. 2 ). In MHCC97-H cells, MET phosphorylation was constitutive, was not further stimulated upon addition of HGF, and was eliminated upon treatment with a MET inhibitor, capmatinib (Fig. 4a ). Notably, HER3 was constitutively phosphorylated, and its phosphorylation was significantly diminished by inhibition of MET with capmatinib ( Fig. 4b) . In contrast, lapatinib treatment resulted only in a minor decrease in HER3 phosphorylation (Fig.  4b ). To verify that the effect of capmatinib was not due to off-target inhibition of EGFR-family receptors (primarily EGFR in these cells), we treated MHCC97-H cells with a panel of MET inhibitors and stimulated with EGF or NRG. All MET inhibitors suppressed basal phosphorylation of MET, EGFR, and HER3, but did not affect EGF-or NRGinduced phosphorylation of EGFR and HER3 (Supplementary relationship between MET and HER3 in cells in which MET amplification has not originated as an acquired mechanism of resistance to EGFR or HER2 inhibitors. Our results strengthen the hypothesis that HER3 phosphorylation is a direct consequence of MET overexpression, and can also occur in cancer cells with no documented dependence on EGFR/HER2 receptor signaling for growth.
An interesting and consistent observation we made was a significant increase in HER3 protein levels upon MET inhibition. This phenomenon has been previously noted in cell lines with constitutively activated MET [24, 45] and was determined to occur at the mRNA level in response to prolonged MET inhibition, comparable to the length of treatment in our assay [45] . We also observed that EGFR was constitutively phosphorylated in MHCC97-H cells, even in the presence of its own potent inhibitor, lapatinib (Fig. 4b) . Treatment with capmatinib blocks EGFR phosphorylation ( Fig. 4b ), suggesting that, like HER3, EGFR is a substrate of activated MET in MHCC97-H cells. Remarkably, HER2 is not similarly constitutively phosphorylated by MET in MHCC97-H cells (Fig. 4b) .
We observed a significant number of MET and HER3 interactions through proximity ligation assay (PLA) analysis in MHCC97-H cells, which remained unchanged under different conditions, such as steady state growth media, serum starvation, and stimulation with NRG ( Fig. 4c) . These results are consistent with the observation that HER3 phosphorylation by MET is ligand-independent ( Fig. 4b) .
Phosphorylated MET and HER3 localize to the Golgi in cancer cells with MET amplification
Next, we used immunofluorescence to detect the location of phosphorylated endogenous receptors in MHCC97-H cells. Both the total and the phosphorylated MET signals were detected at the cell periphery as well as concentrated in a perinuclear compartment, consistent with MET localization in COS7 cells (Fig. 5a ). Treatment with the MET inhibitor, crizotinib, eliminated the phosphorylated MET signal (Fig.  5a ). The phospho-HER3 signal was much weaker overall than the signal detected for phosphorylated MET (Fig. 5b) , and total HER3 levels could only be detected upon prolonged crizotinib treatment which significantly enhances expression of endogenous HER3 in MHCC97-H cells ( Fig.  4b and Supplementary Fig. 4 ). The specificity of the total HER3 staining was confirmed by knocking down HER3 expression in MHCC97-H cells using HER3 siRNA (Supplementary Fig. 4 ).
Phospho-HER3 and to a lesser extent total HER3 staining could be detected both at the cell periphery and at the perinuclear compartment, similar to the localization of phosphorylated MET ( Fig. 5b and Supplementary  Fig. 4 ). This phospho-HER3 staining was eliminated by treatment with crizotinib, but not with the EGFR inhibitor gefitinib (Fig. 5b) , consistent with our data in Fig. 4b that HER3 phosphorylation is MET-dependent. Notably, in MHCC97-H cells we detected more significant localization of phosphorylated HER3 at the cell periphery than we did in COS7 cells in which MET was overexpressed.
To identify the nature of the perinuclear compartment in MHCC97-H cells, we used markers specific for Golgi, ER and early endosomes. Similar to our observations in COS7 cells, we observed the most extensive co-localization between phosphorylated receptors and Golgin-97 ( Fig. 5c,  d) . These results demonstrate not only that MET is abundantly present in the Golgi apparatus in cancer cells, but also that this population of MET is activated and colocalizes with phosphorylated HER3.
HER3 phosphorylation contributes to proliferation of MHCC97-H cells
In lung cancer cells resistant to EGFR kinase inhibitors, persistent HER3 phosphorylation is essential for cell survival and dependent on MET amplification [18] . While HER3 phosphorylation is a potent activator of the PI3K pathway, and to a smaller extent the MAPK pathway, both of these pathways are also efficiently activated by MET. Because MET amplification is the driving oncogenic signal in MHCC97-H cells, we tested whether HER3 phosphorylation is functionally significant in these cells.
As expected, MHCC97-H cells rely on MET signaling, and treatment with capmatinib significantly reduced the proliferation and survival of these cells ( Fig. 6a and Supplementary Fig. 5a, b) . To test the significance of HER3 signaling for MHCC97-H cell proliferation, we used siRNA to knock down HER3 (Fig. 6b ). Loss of HER3 did not have a significant effect on the proliferation and survival of MHCC97-H cells (Fig. 6a, d and Supplementary Fig. 5a,  b ). Furthermore, the activation of the PI3K-Akt or MAPK/ ERK pathways was not reduced upon HER3 knockdown (Fig. 6c ).
We considered possible redundancy between signaling pathways activated by HER3 and other HER receptors and hypothesized that HER3 phosphorylation may be more critical when its close relatives, EGFR and HER2, can no longer efficiently signal. We therefore used lapatinib or gefitinib, which are expected to block the ability of EGFR and HER2 to propagate the signal, even when these receptors are still phosphorylated by MET, as the inhibited EGFR and HER2 will no longer be able to phosphorylate recruited signaling effectors. Indeed, in the presence of lapatinib or gefitinib, HER3 knockdown led to a moderate but significant decrease in cell proliferation and survival tõ 60-70% of control siRNA treated cells ( Fig. 6d and Supplementary Fig. 5a, b) . Likewise, in control experiments when cells were treated with capmatinib, which is expected to inhibit all MET-dependent phosphorylation events, knockdown of HER3 made a small but significant impact only in the presence of lapatinib ( Fig. 6d and Supplementary Fig. 5a ). Unexpectedly, analysis of signaling pathway activation under the same serum-starved conditions as the proliferation assays revealed a resurgence of Akt phosphorylation upon sustained treatment with either lapatinib or capmatinib, which was inhibited with the combination of both inhibitors (Fig. 6e ). The MAPK/ERK pathway was blocked upon MET inhibition as expected since MET is known to be a strong activator of this pathway. These results suggest that MET-dependent HER3 phosphorylation in MHCC97-H cells plays a functional role in cell proliferation which can be uncovered in the absence of EGFR activation.
EGFR is another RTK substrate of MET phosphorylated in the Golgi
Our data show that MET overexpression in cancer cells results in its premature activation in the Golgi in a ligand- Fig. 7a and Supplementary Fig. 6 ). Among RTK substrates of MET in MHCC97-H cells, EGFR was the most potently phosphorylated (Fig. 7a ). Our results in Fig. 4b further show that constitutive EGFR phosphorylation in these cells is largely independent from intrinsic EGFR kinase activity, and is instead dependent on MET. Using immunofluorescence, we also found substantial concentration of phosphorylated EGFR in the Golgi compartment in MHCC97-H cells (Fig. 7b ). Phospho- HER3 phosphorylation contributes to proliferation of MHCC97-H cells. a MHCC97-H cells were transfected with either control or HER3-targeting siRNA for 72 h, treated −/+ 100 nM capmatinib for 48 h in serum-free media, and assayed for cell survival using crystal violet staining. Samples were measured in triplicate for three independent experiments. ***P < 0.0001. b MHCC97-H cells were transfected with either control or HER3-targeting siRNA for 72 h and assayed for HER3 knockdown by western blot. c MHCC97-H cells were transfected with either control or HER3-targeting siRNA for 72 h and assayed for activation of phospho-HER3, phospho-Akt, and phospho-ERK by western blot. d MHCC97-H cells were transfected with either control or HER3-targeting siRNA for 72 h, treated −/+3 µM lapatinib, 100 nM capmatinib, or both for 48 h in serum-free media, and assayed for cell proliferation using crystal violet staining. Samples were measured in triplicate for three independent experiments **P < 0.001, *P < 0.05. e MHCC97-H cells were transfected with either control or HER3-targeting siRNA for 72 h, treated −/+ lapatinib, capmatinib, or both for 48 h in serum-free media, and assayed for activation of signaling pathways by western blot EGFR staining was eliminated with capmatinib treatment, but not when cells were treated with the EGFR inhibitor, gefitinib. These data point to a similar mechanism through which MET phosphorylates both EGFR and HER3.
Discussion
MET-mediated phosphorylation of other RTKs in cancer cells, including EGFR/HER family members, has been reported in numerous malignancies. The mechanisms that allow MET to phosphorylate such a wide spectrum of RTK substrates, which otherwise auto-phosphorylate or are phosphorylated by closely homologous RTK family members, are not understood. Our results describe one mechanism that would allow hyperactivated MET to indiscriminately phosphorylate RTKs through their transient co-localization in the secretory pathway. By focusing our studies on one RTK substrate of MET, HER3, we show that this interaction does not engage molecular interfaces that mediate phosphorylation of HER3 by its canonical co-receptors, EGFR and HER2.
It is unclear what leads to intracellular accumulation and activation of overexpressed MET in cancer cells. Following synthesis in the ER, MET undergoes extensive posttranslational modification, including N-and O-linked glycosylation, and recently reported palmitoylation [46] [47] [48] . These modifications are essential for proper MET function, and inhibition of palmitoylation and N-linked glycosylation have both been shown to impair maturation of MET and trafficking to the plasma membrane [46, 47] . The efficiency of MET progression through the secretory pathway is also regulated by the functions of acid sphingomyelinase (ASM) and syntaxin 6 (STX6), as well as by the levels of cholesterol [49] . Collectively, these regulatory mechanisms are responsible for the maintenance of an intracellular pool of MET in the Golgi that is used to replenish MET at the plasma membrane [49] . A perinuclear pool of MET, which primarily consists of de novo synthesized MET, has also been observed in cancer cell models and tumor samples [50, 51] . In cancer cells with MET overexpression, inefficient posttranslational modifications might elicit perinuclear accumulation of immature MET receptors-which nevertheless have a functional kinase domain. Increased local concentration of the kinase domains would then drive receptor activation in the absence of canonical regulation by ligand binding. One could speculate that cells could mitigate receptor overcrowding by improving the rate of their maturation or alternative mechanisms that would decrease their unspecific interactions. Interestingly, in gastric cancer cells, O-linked glycosylation of MET was shown to negatively regulate MET activation [48] which could hypothetically entail preventing receptor interactions in the absence of ligand binding.
During biosynthesis, MET is proteolytically cleaved in the trans-Golgi-network [42] . Interestingly, an uncleaved variant of MET, p190NC is constitutively activated in LoVo cells [52] . Although the mechanism through which p190NC is activated is unknown at present, this MET variant is not impaired in trafficking to the plasma membrane. Curiously, HER3 is also constitutively phosphorylated in LoVo cells [53] . Whether p190NC drives phosphorylation of HER3 and does so through abnormal accumulation in the Golgi, will be an exciting topic for future studies.
Overexpression or mutation of several other RTKs has been shown to impair receptor trafficking to the cell surface resulting in accumulation of an intracellular pool of activated receptors. Specifically, oncogenic mutants of ALK, c-Kit, and FLT3 have all been shown to be retained in the ER and Golgi as a result of their constitutive activation [54] [55] [56] [57] . Similarly, overexpression of FGFR1 and FGFR2 in COS7 leads to activation of immature receptors at the Golgi apparatus, which still elicit typical downstream signaling responses, such as phosphorylation of downstream effector STAT1 [58] . In the case of FLT3, endomembrane localization qualitatively changes downstream signaling leading to acquisition of new substrates [59] . Hence, accumulation of activated RTKs in endomembranes can result in a variety of signaling responses from the intracellular compartment.
Based on our data we propose that MET-dependent phosphorylation of other RTKs represents yet another example of aberrant signaling resulting from intracellular RTK activation.
Although our studies focus on the functional interaction between MET and HER3, hyperactivated MET facilitates phosphorylation of many unrelated receptors such as EGFR, HER3, Ret, DDR1, and Ryk, in the hepatocellular carcinoma cell line we tested. Previously published RTK array analyses in cell lines from different cancer types have identified largely overlapping sets of RTKs whose phosphorylation becomes MET-dependent [19, 20, 26, 38] . The EGFR/HER family members are consistently identified as substrates of MET in these analyses, as well as Ret, and the MET-family member Ron. The prominence of the EGFR/ HER family as substrates of MET is striking and may reflect the fact that these receptors are themselves potent oncogenes. It is possible that cells under physiological stress, such as MET overexpression, compensate by upregulating multiple signaling pathways, and that the EGFR/HER family is particularly good at supporting cell survival in this context. The additional variation of MET substrates observed in these studies might reflect differential receptor expression levels or be indicative of the unique mechanisms through which different cancers support their survival. The lack of clear substrate specificity further argues that functional interactions between MET and other RTKs do not rely on a common molecular mechanism, but rather are driven by MET overexpression, which turns low affinity, unspecific interactions into productive phosphorylation events before the receptors fully progress through the secretory pathway.
Our results increase a body of evidence supporting the propensity of MET to signal intracellularly, which has also been documented in the endosomes [60, 61] and the nucleus [62, 63] . The endosomal pool of MET originates from the plasma membrane following ligand stimulation and results in perinuclear accumulation of activated MET capable of inducing downstream signaling, such as activation of STAT3 [60, 61] . A truncated and activated form of nuclear MET has been found in both prostate and hepatocellular cancers and linked to activation of a variety of pathways including SRY (sex determining region Y)-box9, β-catenin, Nanog homeobox, and NF-κB [62, 63] . These mechanisms seem to fundamentally differ from how constitutive MET activation is achieved through overexpression during receptor biosynthesis. Collectively, this broad spectrum of intracellular functions of MET has ramifications for antibody-based therapies targeting MET. There are currently numerous antibody therapies targeting MET or its ligand HGF in development and clinical trials [64] [65] [66] [67] [68] [69] , but these therapies are expected to perform poorly in MET-expressing tumors in which a large population of activated MET is localized intracellularly. Thus far, anti-MET antibody therapies appear to have fallen short of their potential in clinical trials with the absence of a significant clinical benefit to patients [64] [65] [66] [67] . Our finding that a large population of MET can be activated in the Golgi could help account for these lackluster results and adds weight to the notion that combining small molecule drugs with antibody-based therapies could more effectively target MET-driven tumors. Transfection COS7 cells were transfected using FuGene6 (Promega) and cultured for 24-48 h. MHCC97-H cells were reverse transfected with non-targeting (Dharmacon siGENOME Non-Targeting siRNA Pool#1: UAGCGACUAAACACAU CAA, UAAGGCUAUGAAGAGAUAC, AUGUAUUGG CCUGUAUUAG, AUGAACGUGAAUUGCUCAA) or HER3 siRNA (Dharmacon siGENOME Human ERBB3 (2065) siRNA: GCAGUGGAUUCGAGAAGUG, AGA UUGUGCUCACGGGACA, GUGGAUUCGAGAAGU-GACA, GCGAUGCUGAGAACCAAUA) using Lipofectamine RNAiMax.
Materials and methods
Cell Culture
Western blotting
Cells were lysed in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM NaF, 1% Triton X-100), or RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM Na 3 VO 4 , 1 mM NaF, 0.1% SDS, 0.1% deochycholate, 1% IGEPAL CA-630) with protease inhibitor cocktail (Roche). Lysates were run on 8 or 10% SDS-PAGE and transferred to PVDF membrane (EMD Millipore). Proteins were detected using: anti-MET (D1C2 XP -Cell Signaling), anti-phospho-MET Tyr1234/ Y1235 (Cell Signaling), anti-HER3 (SC-285 -Santa Cruz), anti-HER3 (SC-81455 -Santa Cruz), anti-HER3 (D22C5 XP -Cell Signaling), anti-phospho-HER3 Tyr1289 (21D3 -Cell Signaling), anti-HER2 (SC-284 -Santa Cruz), anti-phospho-HER2 Tyr1221/1222 (Cell Signaling), anti-FLAG M2 (Sigma-Aldrich), anti-EGFR ((1005) SC-03 -Santa Cruz), anti-phospho-EGF-Receptor Tyr1068 (Cell Signaling), β-tubulin (9F3 -Cell Signaling), GAPDH (D4C6R -Cell Signaling). Secondary antibodies were antirabbit-IgG HRP-linked antibody (Cell Signaling), or antimouse IgG HRP-linked whole antibody (GE Healthcare Biosciences). Blots were developed using ECL/ECL Prime (Thermo Fisher Scientific).
Immunoprecipitation
Cells were lysed, cleared by centrifugation, and incubated with anti-FLAG-M2 antibody (Sigma Aldrich #F1804) for 2-12 h at 4°C followed by incubation with 1:1 protein Asepharose slurry (Life Technologies). Immunoprecipitates were analyzed by western blotting. Immunofluorescence 9 × 10 4 COS7 cells were plated on coverslips. After 24 h, cells were transfected and cultured for 24-48 h. Cells were fixed with 3.7% formaldehyde for 1 h at room temperature, permeabilized with 0.1% Triton X-100 for 5 min, and blocked with 1% BSA for 5 min. Cells were incubated with primary antibodies at 37°C for 1-2 h: anti-FLAG-M2 antibody (Sigma Aldrich #F1804), anti-phospho-HER3 Tyr1289 (21D3 -Cell Signaling), anti-MET (D1C2 -Cell Signaling), anti-phospho-MET Tyr1234/Y1235 (Cell Signaling), anti-phospho-EGF-Receptor Tyr1068 (Cell Signaling), anti-Golgin-97 (A-21270 -Molecular Probes), anti-PDI (RL90 -Thermo Scientific), or anti-EEA1 (BD Biosciences -610456), anti-HER3 (D22C5 XP -Cell Signaling). Cells were washed and incubated with fluorescently tagged anti-rabbit or anti-mouse secondary antibodies (Goat Anti-Mouse Alexa-fluor-568 cat#A11031; Alexa-Fluor-488 donkey anti-rabbit cat# A21206 -Life technologies). Images were taken at 60× magnification using a Nikon widefield epifluorescent microscope (Figs.  3a, b, 5a-d, 7b ), or at 60× using a Nikon spinning disc confocal microscope. Confocal images shown were taken as a stack of 7 slices in the Z-plane and processed as a Z-max projection ( Supplementary Fig. 4 ).
Phospho-RTK array
Phosphorylated RTKs were identified from MHCC97-H cells using the Proteome Profiler Human Phospho-RTK Array Kit (R&D Systems ARY001B). Cells were treated with DMSO, crizotinib, or capmatinib, for 24 h in serumfree media. Cells were lysed and protein concentration was standardized by Bradford assay. Samples were incubated on the array membrane overnight at 4°C. Membranes were washed and phosphorylated receptors were detected using HRP-conjugated phosphotyrosine antibody.
Proliferation and cell survival assays
After 24 h transfection with siRNA, cells were serumstarved −/+drug and cultured for 48 h. Cells were washed, incubated with crystal violet solution (0.5% crystal violet, 25% methanol) for 10 min, washed, and dried overnight. Dye was solubilized in 1:1 ethanol:sodium citrate solution for 1 h, transferred to 96-well plate, and absorbance was read at 595 nm.
After 24 h transfection with siRNA, cells were serum starved and treated −/+inhibitors and cultured for 48 h. To monitor cell survival, cells were counted at 0, 24, and 48 h post inhibitor-treatment using an automated Countess hemacytometer and survival curves were plotted.
Proximity ligation assay
MHCC97-H cells were grown on four-well chamber slides and processed using the Duolink In Situ Fluorescence kit with red detection reagents (Sigma-Aldrich) per the manufacturer's instructions. MET (D1C2 XP -Cell Signaling) and HER3 G4 (SC-203) primary antibodies were used.
Statistics
Sample sizes were chosen to be sufficient to obtain reliable results consistent with standard practices within this field. Statistics were determined and displayed using Excel (Microsoft, Redmond, WA). Results represent an average of at least three independent experiments and exact sample size is noted in figure legends. Data are presented as mean ± SEM for co-localization and PLA analysis, and as grand mean ± pooled standard deviation for proliferation assay analysis. The variances within each group of compared data were similar in almost all cases, and all were well within one order of magnitude. For proliferation assay analysis, two treatments were compared by unpaired two-tailed ttests, determined to have normal distributions by Shapiro-Wilk test, and P-values below 0.05 were considered significant.
